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Understanding the biology of somatic stem cells in self renewing tissues represents an exciting ﬁeld of
study, especially given the potential to harness these cells for tissue regeneration and repair in treating
injury and disease. The mammalian cornea contains a population of basal epithelial stem cells involved
in cornea homeostasis and repair. Research has been restricted to mammalian systems and little is
known about the presence or function of these stem cells in other vertebrates. Therefore, we carried out
studies to characterize frog cornea epithelium. Careful examination shows that the Xenopus larval
cornea epithelium consists of three distinct layers that include an outer epithelial layer and underlying
basal epithelium, in addition to a deeper ﬁbrous layer that contains the main sensory nerve trunks that
give rise to numerous branches that extend into these epithelia. These nerves convey sensory and
presumably also autonomic innervation to those tissues. The sensory nerves are all derived as branches
of the trigeminal nerve/ganglion similar to the situation encountered in mammals, though there appear
to be some potentially interesting differences, which are detailed in this paper. We show further that
numerous pluripotency genes are expressed by cells in the cornea epithelium, including: sox2, p63,
various oct4 homologs, c-myc, klf4 and many others. Antibody localization revealed that p63, a well
known mammalian epithelial stem cell marker, was localized strictly to all cells in the basal cornea
epithelium. c-myc, was visualized in a smaller subset of basal epithelial cells and adjacent stromal
tissue predominately at the periphery of the cornea (limbal zone). Finally, sox2 protein was found to be
present throughout all cells of both the outer and basal epithelia, but was much more intensely
expressed in a distinct subset of cells that appeared to be either multinucleate or possessed multi-lobed
nuclei that are normally located at the periphery of the cornea. Using a thymidine analog (EdU), we
were able to label mitotically active cells, which revealed that cell proliferation takes place throughout
the cornea epithelium, predominantly in the basal epithelial layer. Species of Xenopus and one other
amphibian are unique in their ability to replace a missing lens from cells derived from the basal cornea
epithelium. Using EdU we show, as others have previously, that proliferating cells within the cornea
epithelium do contribute to the formation of these regenerated lenses. Furthermore, using qPCR we
determined that representatives of various pluripotency genes (i.e., sox2, p63 and oct60) are
upregulated early during the process of lens regeneration. Antibody labeling showed that the number
of sox2 expressing cells increased dramatically within 4 h following lens removal and these cells were
scattered throughout the basal layer of the cornea epithelium. Historically, the process of lens regeneration
in Xenopus had been described as one involving transdifferentiation of cornea epithelial cells (i.e., one
involving cellular dedifferentiation followed by redifferentiation). Our combined observations provide
evidence that a population of stem cells exists within the Xenopus cornea. We hypothesize that the basal
epithelium contains oligopotent epithelial stem cells that also represent the source of regenerated lenses in
the frog. Future studies will be required to clearly identify the source of these lenses.
& 2012 Elsevier Inc. All rights reserved.Introduction
Much interest lies in understanding how adult cells replenish
normal and damaged tissues, and how these cells may be harnessed
to repair and regenerate intact organs in humans. For instance, thisll rights reserved.occurs in the mammalian eye where epithelial cells of the cornea are
constantly sloughed off and replaced (Hanna and O’Brien, 1960; Thoft
and Friend, 1983). Obviously, the proper maintenance of this tissue is
essential for normal vision (Cotsarelis et al., 1989). The existence of a
population of epithelial stem cells in the cornea was postulated years
ago (Davanger and Evensen, 1971); however, the exact location of
these cells is a controversial topic with respect to various mammals
(Di Girolamo, 2011). Earlier research showed that corneal epithelial
stem cells resided in the basal epithelium at the periphery of the
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et al., 1989; Davanger and Evensen, 1971; Schermer et al., 1986).
More recent studies indicate that these cells are not restricted to the
limbus and may be found throughout the cornea (Chang et al., 2008;
Majo et al., 2008). A different population of mesenchymal stem cells
also resides within the corneal stroma (the corneal keratocytes; Du
et al., 2005; Funderburgh et al., 2005). It is not knownwhether similar
corneal stem cells reside in the eyes of other vertebrates including
those of reptiles, birds, ﬁsh and amphibians.
Certain vertebrates exhibit the capacity to regenerate eye
tissues, which far exceeds that seen in mammals. For instance,
the frog Xenopus is known to exhibit remarkable powers of
regeneration of various eye tissues, including the neural retina
and the lens (reviewed by Henry, 2003; Henry et al., 2008; Henry
and Tsonis, 2010). Intact regenerated lenses arise from cells of the
basal layer of the cornea epithelium once the original lens is
removed (Freeman, 1963; Waggoner, 1973). Historically, this
process has been described as one involving transdifferentiation
of cornea cells, although it is unclear if such a process involving
cellular dedifferentiation and redifferentiation of cornea epithelial
cells actually takes place (Bosco et al.,1980; Freeman, 1963).
Could, in fact, these regenerated lenses be derived from a
population of undifferentiated, somatic stem cells within the
basal cornea epithelium?
Using a combination of reverse transcriptase PCR (RT-PCR) and
real-time quantitative PCR (qPCR), as well as immunohistochem-
istry, we show that cells reside within the Xenopus cornea
epithelium that express numerous pluripotency factors, includ-
ing: sox2, Oct4 homologs, c-myc, and klf4. We show further that
speciﬁc pluripotency factors are upregulated early during the
process of lens regeneration once the original lens is removed.
Antibody labeling shows that the proteins encoded by some of
these genes (sox2, p63 and c-myc) reside within unique subsets of
cornea cells. We also show for the ﬁrst time that the frog cornea is
highly innervated and this network of nerves extends to the
cornea from a deeper ﬁbrillar layer that resides just below the
basal cornea epithelium. Similar to mammals, these nerves are
derived from branches of the trigeminal ganglion. Aside from
providing a dense sensory network to the cornea (and possibly
autonomic innervation), these nerves could represent a key
element of a basal cornea stem cell niche. Finally, using EdU, we
veriﬁed that cell proliferation takes place throughout the cornea,
predominately in the basal epithelium, and these proliferating
cells contribute to the formation of regenerated lenses. Together,
these results indicate that the amphibian cornea exhibits many
similarities to those of mammals in possessing a population of
somatic epithelial stem cells. Though not conclusive, we hypothe-
size that these cells may represent oligopotent stem cells that also
contribute to the formation of regenerated lenses in Xenopus.Material and methods
Animals
Xenopus laevis adults were obtained from Nasco (Fort Atkinson,
WI) and fertilized eggs were prepared according to Henry and
Grainger (1987). Embryos and larvae were raised according to
Henry and Mittleman (1995) and developmental staging was
based on Nieuwkoop and Faber (1956). Animals were anesthe-
tized in a 1:2000 dilution of MS222 (ethyl 3-aminobenzoate
methanesulfonate, Sigma, St. Louis, MO) and lentectomies (lens
removal) were performed using ﬁne iridectomy scissors and
forceps, as previously described (Henry and Mittleman, 1995;
Waggoner, 1973). Each animal was allowed to recover in 1/20X
normal amphibian media (NAM; Slack, 1984) prior to feeding.RT-PCR
Various stages of embryonic material (stages 25–40) and
corneas from control and regenerating animals (stage 50–52 at
days 0–5 post-lentectomy) were collected and ﬂash frozen in a
dry-ice/ethanol bath (Henry et al., 2002). Total RNA was isolated
from each representative sample using TriZol (Invitrogen, Carls-
bad, CA). Samples were treated with DNaseI (Ambion, Grand
Island, NY) and puriﬁed using NucAway columns (Ambion, Grand
Island, NY). Embryonic RNA was pooled together from a range of
embryonic stages (stages 25–40) for ﬁrst strand cDNA synthesis.
Larval corneas were also combined for sample sets of both
unoperated control corneas and also regenerating corneas, which
consisted of equal quantities of 1-, 3-, and 5-day regenerating
cornea RNA. First strand cDNA was generated from total RNA
using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). PCR
fragments were veriﬁed by sequencing at the Roy J. Carver
Biotechnology Center (University of Illinois, Urbana, Illinois) and
all PCR primer pairs are listed in Supplementary Table 1.
qPCR
Corneas were harvested and combined from 50–75 (stages 50–52)
animals at each time point of lens regeneration, including control
unoperated corneas, as well as corneas undergoing lens regeneration
at either 4 h, 12 h, 1 day, 3 days or 5 days post lentectomy. RNA was
harvested using TriZol and each sample set was treated with DNaseI.
Each RNA sample was ampliﬁed and ﬁrst strand cDNA synthesized
using the Message BOOSTER RNA ampliﬁcation and cDNA synthesis
kit (Epicentre, Madison, WI). Xenopus ampliﬁed cDNA was diluted
1:25 and 2 ml of the dilution was used with 1 ml of each primer
(10 mM), 6 ml of water and 10 ml of SYBR green (kindly provided by
Dr. William Brieher, University of Illinois). Triplicate runs were
completed for each time point and condition, and gene speciﬁc
primers are listed in Supplementary Table 1. Melting curve analysis
was conducted for each sample and relative quantitation of expres-
sion levels (where control cornea expression levels were compared to
regenerating expression levels) was determined using the DCt
equation and values were normalized against ornithine decarboxylase
(odc), a commonly accepted endogenous control for Xenopus (Christen
et al., 2010; Heasman et al., 2000; Morrison and Brickman, 2006).
Immunohistochemistry
Histological analysis of whole corneas (referred to as cornea
‘‘pelts’’) began with ﬁxation of the whole larval specimen in 4%
paraformaldehyde (PFA) diluted in 1X PBS (1.86 mM NaH2PO4,
8.41 mM Na2HPO4, 175 mM NaCl, pH7.4), followed by 3 washes in
1X PBS. Eyes were then excised from each larval sample prior to
immunostaining, taking care to keep the cornea attached to the
eye. Eyes were washed in 0.5% Triton/1X PBS for 20 min, blocked
in 0.5% Triton/1X PBS/10% goat serum for 2 h and then incubated
with antibodies diluted in the blocking mixture. The antibodies
used include a polyclonal rabbit anti-Sox2 antibody (1:300 dilu-
tion; ARP31737, Aviva Systems Biology, San Diego, CA), a mono-
clonal mouse anti-P63 antibody that targets the DNp63 isoform
(1:300 dilution; P3362, Sigma), and a monoclonal mouse anti-c-
Myc antibody (1:200 dilution; M4439, Sigma, St. Louis, MO).
Antibodies to examine neuronal structures include a mouse
anti-acetylated tubulin antibody (1:300; T7451, Sigma) and a
polyclonal rabbit anti-Substance P antibody (1:250; NBP1-78326,
Novus Biologicals, Littleton, CO). Several washes with 0.5% Triton/
1X PBS were performed prior to secondary antibody incubation at
a concentration of 1:300 for all secondaries (goat anti-mouse
Alexaﬂuor 488 or 546 from Molecular Probes, Eugene, OR; or
goat-anti-rabbit FITC or TRITC from Jackson Immuno Research,
Fig. 1. Morphology of larval cornea tissues in whole mount and transverse
sections of Xenopus laevis. (A–I) Confocal images of an intact excised cornea (pelt)
of st50–52 larvae. (A–C) Outer epithelial layer labeled with Phalloidin (green),
DAPI labeled nuclei (blue) and merged images, respectively. (D–F) Basal epithelial
layer labeled with Phalloidin (green), DAPI (blue) and merged images, respec-
tively. (G–I) Deeper ﬁbrillar layer labeled with Phalloidin (green), DAPI (blue) and
merged images, respectively. (J) DIC image of transverse section of control larval
eye showing thin, dual-layered epithelium. (K) Corresponding Hoechst nuclear
stained image to that seen in J showing ﬂattened nuclei. (L) DIC image of
transverse section of 5-day regenerating larval eye with thickened cells of the
epithelium. (M) Corresponding Hoechst nuclear stained image to that seen in L.
Gray arrowhead points to one nucleus of the outer cornea epithelial layer and
white arrowhead identiﬁes a nucleus in the basal epithelial layer. ic; inner cornea;
ln, lens; nr, neural retina; oc, outer cornea. Scale bar in M equals 6 mm for A–I, and
100 mm in J–M.
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incubation, specimens were incubated in phalloidin to facilitate
the observation of cell boundaries (Bodipy FL Phallacidin, Mole-
cular Probes or Rhodamine Phalloidin, Cytoskeleton, Inc., Denver,
CO). Eyes were then washed in 1X PBS and cornea pelts were
removed from the whole eye and placed on RainX (Sopus
Products, Houston, TX) treated slides. Nuclei were labeled with
1:10,000 solution of Hoechst 33342 (Molecular Probes) or 1 mM
solution of DAPI (Sigma), washed in 1X PBS and mounted in
ProLong Gold (Life Technologies, Eugene, OR) under cover slips.
Histological analysis of whole larvae began with ﬁxation in 4%
PFA diluted in 1X PBS, followed by 3 washes in 1X PBS. Larval
samples were permeabilized in 0.5% Triton/1X PBS overnight at
4 1C. Samples were blocked in 0.5% Triton/1X PBS/10% goat serum
for 2–3 h and then incubated with primary antibodies (anti-
acetylated tubulin) diluted in the blocking mixture overnight at
4 1C. Three 1X PBS washes and a 2 h incubation in secondary
antibodies followed. Finally, specimens were washed 2–3 times in
1X PBS and mounted for imaging.
Sectioned specimens for histological analysis were ﬁxed as
mentioned above, followed by washes in 100% methanol, 100%
ethanol, 100% xylene and ﬁnally embedded in Paraplast Plus
(Fisher Scientiﬁc, Pittsburg, PA). Each specimen was serially
sectioned at a thickness of 8 mm. Immunostaining techniques
followed the approach of Henry and Grainger (1990), using the
same antibody dilutions mentioned above. Sections were
mounted in 8 parts of glycerin diluted with 2 parts of 1X PBS
under cover slips.
EdU labeling
EdU, a thymidine analog (Invitrogen, Carlsbad, CA), was used to
label cells (nuclei) that have undergone S phase DNA synthesis and
their subsequent progeny (Bick and Davidson, 1974; Gratzner, 1982;
Waldman et al., 1991). To examine EdU incorporation in unoperated,
control animals, Xenopus laevis larvae (stages 50–52) were anesthe-
tized and injected intraperitoneally with EdU (2 ml of 5 mM EdU
diluted in ﬁltered 1X PBS) using a 27 gauge needle and Hamilton
microliter syringe. Whole specimens were ﬁxed in 4% PFA at various
time points (1 h, 4 h, 12 h, 1-, 3-, 5-, 7-, 14-, 21-, 28 days post-
lentectomy). Additionally, lentectomies were performed unilaterally
on anesthetized Xenopus laevis larvae (stages 50–52), followed
immediately by a single intraperitoneal injection of EdU. Whole
specimens were ﬁxed in 4% PFA at various time points mentioned
above. Half of the whole larval specimens from each time point were
processed and EdU was visualized by reacting the incorporated
terminal alkyne with a ﬂuorescently labeled azide dye (following
method described in Salic and Mitchison, 2008; using Alexaﬂuor 594
azide, Invitrogen, Carlsbad, CA). Corneas were then excised and placed
on glass slides where the pelts were incubated with 1:10,000 Hoechst
for 10 min, washed with 1X PBS and mounted in 8 parts of glycerin
diluted in 2 parts of 1X PBS with cover slips.
The other half of the specimens from each time point above
were embedded in Paraplast Plus (Fisher Scientiﬁc, Pittsburg, PA)
and sectioned as previously mentioned prior to EdU visualization.
Sections were de-waxed in xylene (two 10 min washes), air dried,
rehydrated in 1X Tris buffered saline (TBS; 50 mM Tris Base,
154 mM NaCl, pH8.4) and processed to visualize EdU labeled cells.
Sections were mounted in 8 parts of glycerin diluted in 2 parts of
1X PBS containing 1:10,000 Hoechst for visualization of nuclei.
For cornea implantation experiments, Xenopus larvae (stages
50–52) were injected intraperitoneally with EdU and allowed to
recover for 7 days. After 7 days, corneas from EdU labeled larvae
were harvested and implanted into the vitreous chamber of
lentectomized unlabeled larvae (stages 50–52). These animals
were ﬁxed at 7-days post-lentectomy/post-cornea implant in 4%PFA, embedded in wax, sectioned and processed to visualize EdU
containing cells (as described above).
Microscopy
Labeled corneas were imaged using an inverted LSM 510 or
LSM 700 confocal microscope (Carl Zeiss, Munich, Germany).
Confocal Z-stacks were processed with Image J software (National
Institutes of Health, Bethesda, MD, USA) or Zen Software (Carl
Zeiss). Labeled whole-mount larvae were immobilized in clay
dishes containing 1X PBS and imaged using a Zeiss Axioplan
microscope in a series of depths. Stacks of images were then
processed (ﬂattened) using Helicon Focus software (Helicon Soft
Ltd., Kharkov, Ukraine).Results
Normal morphology of larval corneas
The larval cornea consists of an outer unpigmented epithelium
which is continuous with the head ectoderm and the inner
unpigmented endothelium that is attached to the sclera of the
Fig. 2. (A–B) Larval (st48) Xenopus specimens showing distribution of acetylated tubulin labeled nerves in the head. (A) Right lateral view of the head with anterior to the
right, and dorsal to the top of the ﬁgure. (B) Superior, dorsal view of the right side of the head with anterior to the left. Asterisks mark branches of sensory nerves that serve
the cornea epithelium in A or their origins in B. (C–E) Confocal images showing different depths of acetylated tubulin immunostaining (red), cell boundaries labeled with
phalloidin (green) and DAPI nuclear stain (blue). (C) Acetylated tubulin stained nerves of the outer epithelial layer. (D) Basal epithelial distribution of acetylated tubulin
labeled nerves. (E) Fibrillar layer containing labeled nerve trunks with branching structures. (F) Confocal image showing distribution of acetylated tubulin labeled nerves in
the cornea (red). (G) Corresponding image showing distribution of Substance P (green). (H) Merged images from F and G showing overlapping acetylated tubulin and
Substance P protein localization. an, abducens nerve (CN VI); fb, forebrain; fn, facial nerve (CN VII); gn, glossopharyngeal nerve (CN IX); ion, infraorbital nerve; mn,
mandibular nerve; mnb, ﬁne branches of the mandibular nerve; ncn, nasociliary nerve (with m and l, labeling its terminal medial and lateral branches, respectively, which
pass to the sides of the olfactory organs (nose)); ofn, olfactory nerve (CN I); omn, oculomotor nerve (CN III); on, optic nerve (CN II); opn, ophthalmic nerve; rn, retrograde
branch of nasociliary nerves; son, supraorbital nerve; tn, trochlear nerve (CN IV); tgn, trigeminal nerve (CN V). Scale bar in H equals 150 mm in A–B and 6 mm in C–H.
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corneal epithelium are separate from one another except for a
small circular attachment, which overlies the very center of the
pupillary opening. The cornea epithelium does not become fully
attached to the endothelium until later stages (56 through
metamorphosis) when ultimately the collagenous stroma is
formed between the inner cornea endothelium and the basal
layer of the corneal epithelium (Freeman, 1963).
The ectodermal larval cornea is a stratiﬁed squamous epithe-
lium comprised of two cell layers: an outer layer (Fig. 1A–C) and
an inner basal layer (Fig. 1D–F). Though the cornea epithelium is
continuous with the skin of the head, it is completely transparent
(free of melanophores), contains no vascular tissues, and mea-
sures approximately 10 mm in total thickness. Just underneath the
basal epithelial layer is a ﬁbrillar layer that consists of thin
strands of tissue that appear as an open meshwork, crossing in
a random fashion (Fig. 1G–I). These structures label positively
with phalloidin. The origin of these ﬁbers is unclear and they
generally cannot be clearly traced to discrete cell bodies. This
deeper layer also contains nerves that innervate the cornea
(described further below).Observations of whole cornea pelts and intact eyes reveal that
the nuclei of the two epithelial cell layers are staggered some-
what to afford a tighter and thinner cell packing arrangement
(Fig. 1A–F, J–K). Nuclei of the outer and basal epithelium are
ﬂattened in appearance, containing two nucleoli and typically
display irregular but rounded edges. Mitotic ﬁgures were seen in
the basal epithelium but not in the outer epithelium. Another less
common nuclear morphology present in the basal epithelium and
infrequently in the ﬁbrillar layer were that of nuclei exhibiting an
elongated, irregular or spindle-like shape. The cells of the outer
epithelium exhibit tightly deﬁned linear borders, while those of
the basal epithelium have irregular boarders (Fig. 1A–F).
It is known that the mammalian cornea contains a dense
population of sensory nociceptors. To determine whether the
Xenopus cornea possesses such innervation and whether the
ﬁbrillar layer is comprised of neuronal projections, anti-
acetylated tubulin and anti-Substance P immunostaining was
conducted on whole corneas. Acetylated alpha-tubulin is present
in various microtubule structures, plays a role in stabilizing the
structures of all microtubules and is highly expressed in nerve
cells. Corneas labeled with anti-acetylated tubulin antibody
Table 1
Differential expression of pluripotency genes examined in this study. RT-PCR expression data under ‘‘C/R/F’’ indicates positive (þ) vs. negative () expression has been
observed in control cornea epithelium (C), lens regenerating cornea epithelium (R; days 1–5 of regeneration) and ﬂank epithelium (F) (see Supplementary Fig. 1 for
examples of the raw data).
Protein name Gene name C/R/F Protein name (cont.) Gene name C/R/F
ATP-binding cassette sub-family G member 2 abcg2 þ/þ/þ Tumor protein 63 p63 þ/þ/þ
Polycomb complex protein BMI-1 bmi1 þ/þ/þ Paired box protein Pax-6 pax6 þ/þ/
Bone morphogenetic protein 2 bmp2 þ/þ/þ THAP domain-containing protein 11 ronin þ/þ/þ
Bone morphogenetic protein 4 bmp4 þ/þ/þ Sal-like protein 4 sall4 //
CCAAT/enancer-binding protein gamma cebpg þ/þ/þ Mothers against decapentaplegic homolog 1 smad1 þ/þ/þ
Myc proto-oncogene protein cmyc þ/þ/þ Mothers against decapentaplegic homolog 2 smad2 þ/þ/þ
B-catenin ctnnb þ/þ/þ Mothers against decapentaplegic homolog 3 smad3 þ/þ/þ
Segment polarity protein disheveled homolog DVL-2 dvl2 þ/þ/þ Mothers against decapentaplegic homolog 4 smad4 þ/þ/þ
Mitogen-activated protein kinase 3 erk1 þ/þ/þ Mothers against decapentaplegic homolog 6 smad6 þ/þ/þ
Steroid hormone receptor ERR2 esrrb þ/þ/þ Mothers against decapentaplegic homolog 7 smad7 þ/þ/þ
Galactoside 2-alpha-L-fucosyltransferase 1 fut1 þ/þ/þ Mothers against decapentaplegic homolog 8 smad8 þ/þ/þ
Growth/differentiation factor3 gdf3 /þ/ Transcription factor Sox-2 sox2 þ/þ/þ
Interleukin-6 receptor subunit beta gp130 þ/þ/þ Protein sprouty homolog 1 spry1 þ/þ/þ
Growth factor receptor-bound protein 2 grb2 þ/þ/þ Protein sprouty homolog 2 spry2 þ/þ/þ
Glycogen synthase kinase-3 beta gsk3b þ/þ/þ Signal transducer and activator of transcription 3.1 stat3 þ/þ/þ
DNA-binding protein inhibitor ID-3 id3 þ/þ/þ T-box transcription factor TBX3 tbx3 //þ
Krueppel-like factor 4 klf4 þ/þ/þ Transcription factor E2-alpha tcf3 þ/þ/þ
Lymphoid enhancer-binding factor 1 lef1 þ/þ/þ Translationally-controlled tumor protein 1 tpt1 þ/þ/þ
Protein lin-28 homolog lin28 // Vasa vasa þ/þ/þ
Dual speciﬁcity mitogen-activated protein kinase kinase 1 mek1 þ/þ/þ Proto-oncogene Wnt-3a wnt3a þ/þ/þ
POU domain, class 5, transcription factor oct25 //þ Homeobox protein xom //
POU domain, class 5, transcription factor oct60 þ/þ/þ Zinc ﬁnger protein 281 zfp281 þ/þ/þ
POU domain, class 5, transcription factor oct91 þ/þ/þ
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innervated by prominent branches of two major nerves derived
from the trigeminal ganglion. The anterior half of the cornea
epithelium is supplied by twigs from a prominent recurrent
branch or branches off of the nasociliary nerve (a branch of the
ophthalmic nerve, see Fig. 2B). These may come from either the
medial or the lateral terminal divisions of the nasociliary nerve or
both. The latter terminate to the medial and lateral sides of the
nostrils (see Fig. 2B). The posterior half of the cornea is innervated
by a number of small branches that loosely parallel the infra-
orbital nerve as they pass to the posterior side of the eye (Fig. 2B).
These twigs appear to be derived from very early branches off of
the mandibular nerve, which is a prominent nerve in Xenopus
(Fig. 2B). The ventral part of the cornea also receives some
innervation from these twigs. The prominent Xenopus infraorbital
nerve winds its way completely around the ventral edge of the
eye on its way to the snout (Fig. 2B). Its origin appears to be more
superﬁcial (dorsal), branching off the trigeminal nerve trunk near
the supraorbital nerve (as compared to other deeper/ventral
braches of the trigeminal nerve). The infraorbital nerve is
described as a terminal branch of the maxillary nerve in other
vertebrates, though Paterson (1939) reports that the maxillary
nerve is not recognizable in Xenopus. Though the infraorbital
nerve passes close to the cornea along the ventral side, it does not
appear to supply branches to the cornea. Long thin branches may
be seen extending laterally from the supraorbital nerve (a branch
of the ophthalmic nerve), which may pass down to the dorsal and/
or dorsal-anterior region of the eye, but these do not appear to
actually reach the cornea epithelium itself (Fig. 2B). These
branches along with some others from the infraorbital nerve do
provide sensory innervation to the surrounding skin and some
lateral line organs in the vicinity of the eye (Fig. 2B). It should be
noted that the elongated ﬁbrillar structures that stain positively
for phalloidin in the deeper layer (see above) do not correspond
directly to the acetylated tubulin positive nerves that project
through this layer (Fig. 2E). Some additional innervation also
enters the eye peripheral to the optic nerve, which is derived from
the ophthalmic nerve. Branches of this nerve can be followed over
the surface of the eyeball. More distally, ﬁne extensions of thesenerves extend through the cornea endothelium. The larval cornea
epithelium is not completely attached to the deeper cornea
endothelium, and these deeper nerve ﬁbers do not appear to pass
up from the endothelium into the epithelium via the small central
connecting stalk. It is likely, however, that these nerves even-
tually contribute to the innervation of the cornea epithelium once
these layers fuse and the stroma is laid down closer to and
following metamorphosis.
Substance P is a member of the tachykinin peptide hormone
family thought to function as a neurotransmitter, and is expressed
in a subset of corneal sensory nerves (Sasaoka et al., 1984; Mu¨ller
et al., 2003; Kuwayama and Stone, 1987; Tervo et al., 1981). In
whole Xenopus corneas, Substance P antibody localization is
present along the neuronal trunks that extend into the cornea
epithelium. Some, but not all of these nerves’ terminal branches
are also stained with the Substance P antibody (Fig. 2G–H).
Expression of pluripotency related transcripts in Xenopus epithelia
Information regarding the deployment of stem cell pluripo-
tency factors in amphibian tissues is rather limited (Christen
et al., 2010; Maki et al., 2009). Therefore, we chose to examine the
expression of a broad range of such factors characterized in
various organisms. Using RT-PCR we examined the expression
of 44 pluripotency genes in larval Xenopus cornea epithelium
(listed in Table 1, see also Supplementary Fig. 1; st50–52). The
results show that the transcripts of numerous factors are present
in larval cornea epithelium, including members of the core set of
pluripotency transcription factors: sox2, Oct4 homologs, c-myc
and klf4. Only a small number of the genes examined were not
expressed in any of these tissues, including transcripts for Protein
lin-28 homolog (lin28), Sal-like protein 4 (sall4) and the homeo-
box protein xom (Table 1). Notably absent from this core set of
genes is nanog. Signiﬁcantly, the collection of available Xenopus
laevis ESTs and the Xenopus tropicalis genome do not contain a
homolog of nanog (Schuff et al., 2012).
Since Xenopus can regenerate missing lenses from cells derived
from the cornea epithelium (Freeman, 1963), we also examined gene
expression in corneas undergoing lens regeneration (covering days 1–
Fig. 3. Quantitative PCR (qPCR) results for sox2, p63 and oct60 expression during lens regeneration in stages 50–52 Xenopus laevis larval cornea epithelia. Relative
expression levels were compared to control cornea epithelial expression and normalized against odc expression at the same larval stages (st50–52). Data for each time
point was run in triplicate and represents independently pooled cornea samples collected from 0 h (control unoperated corneas), 4 h, 12 h, 1-day, 3-day and 5-days after
lens removal. Error bars are indicated in black. Signiﬁcant expression changes as compared to control unoperated corneas are denoted with an asterisk at the top of each
bar graph. Signiﬁcant expression changes between various key time points compared are noted underneath the X-axis. * denotes p valueso0.05 using Students t-test.
K.J. Perry et al. / Developmental Biology 374 (2013) 281–2942865 following lens removal, ‘‘R’’), as well as unoperated lateral ﬂank
epidermis (‘‘F’’), which is not capable of supporting lens regeneration
even when implanted into the vitreous chamber (Arresta et al., 2005;
Cannata et al., 2008). For the most part, similar expression of these
pluripotency genes was seen when compared to control corneas
(Table 1). Notably, a few factors were found to be differentially
expressed amongst these three sets of tissues. In Xenopus laevis, three
homologs exist for the class ﬁve, POU domain protein, more com-
monly known as OCT4 (known as oct25, oct60 and oct91). All three
have been characterized as active transcription factors in functional
studies (Cao et al., 2006, 2007). Interestingly, oct60 and oct91
transcripts were present in all tissue types examined (control corneas,
regenerating corneas and non-competent ﬂank ectoderm), but oct25
was only detected in non-competent ﬂank ectoderm (Table 1, Sup-
plementary Fig. 1). Transcripts for T-box transcription factor 3 (tbx3)
were also absent from both control corneas and regenerating corneas,
but were present in ﬂank ectoderm. Differential expression was also
detected for growth differentiation factor 3 (gdf3), where transcripts
were present in regenerating corneas but absent from control corneas
and ﬂank ectoderm. Although it is not a pluripotency factor, it was
previously reported that pax6 is only expressed in cornea tissue and
not in ﬂank ectoderm (Gargioli et al., 2008; Henry et al., 2002), which
was veriﬁed here (Table 1). Together, these expression proﬁles deﬁne
the samples as being comprised of three distinct tissues. They also
reveal that these epithelia express most genes known to characterize
stem cells in other systems.
Quantitative gene expression in control and lens regenerating
corneas
The RT-PCR results revealed that a broad range of pluripotency
transcripts are expressed in Xenopus ectodermal tissues. In order
to distinguish temporal changes that might be taking place in the
cornea during lens regeneration and to compare these levels of
expression with those in control corneas, we undertook qPCR forthree selected genes: sox2, oct60, and the epithelial stem cell
marker p63. Signiﬁcantly, p63 is also expressed in mammalian
cornea stem cells (Di Iorio et al., 2005; Pellegrini et al., 2001).
The qPCR results are shown in Fig. 3 and the data indicates
that the level of expression for each of these genes in the cornea
increases and decreases dramatically at different time points
following lens removal. Remarkably, the level of expression of
sox2 changed more dramatically (187 fold increase over baseline
levels) and over a relatively shorter interval of time (0–12 h;
Fig. 3). Speciﬁcally, a marked increase was noted just 4 h after
lens removal. Such dramatic increases in gene expression are not
unprecedented, as similar fold changes have been observed for
other genes, such as those encoding heat-shock proteins (Hori
et al., 2010). After this time expression of sox2 decreased at 12 h
and then approached baseline expression levels over the course of
1 to 5 days. An increase was also noted in the level of p63 (0–1
day; Fig. 3), and this elevated expression occurred 4 h post
lentectomy, followed by an expression increase at 12 h. Expres-
sion levels for p63 peaked at 1 day (6.54 fold increase) and
resumed near-baseline levels by 5 days. Similarly, oct60 also
displayed increased expression; however, this increase peaked
later than sox2 and p63 at 3-days post lentectomy (Fig. 3; 12.1
fold increase). In the same dramatic fashion as the other genes
observed, oct60 expression decreased by 5-days following lens
removal (10.8 fold reduction) and was similar to levels seen at the
4 h time point post-lentectomy.
Protein localization in cornea epithelium
Sox2 antibody labeling of cornea pelts revealed weak, but
widespread cytoplasmic staining present within cells of both the
outer and basal layers of the cornea epithelium (Fig. 4). Further-
more, intense sox2 antibody staining was observed in a subset of
cells located mainly in the basal epithelium (Fig. 4G–I). These
convoluted cells are somewhat larger than the
Fig. 4. Antibody labeling of sox2 (red) in whole Xenopus larval cornea epithelium (st50–52). (A–C) Antibody labeling in whole corneas showing the distribution and
appearance of labeled cells in regenerating corneas. (A) Control cornea with very few sox2 labeled cells located around the periphery in the limbal zone. (B) Regenerating
cornea just 4 h after lens removal. Note the increased number of labeled cells that have appeared in the central cornea. (C) Regenerating cornea 5 days following lens
removal with a decreased number of sox2 labeled cells, which are again restricted to the periphery. (D–F) Representative higher magniﬁcation views showing sox2 protein
labeling in irregularly-shaped cells of the cornea. The outer periphery or limbal zone is located to the left of each photo and the center of the cornea is towards the right.
(D) Distribution of sox2 antibody (red). Some low level sox2 expression is also detected throughout other cells of the cornea epithelium. (E) Corresponding view showing
distribution of DAPI stained nuclei (blue). (F) Merged images from D and E. (G–I) Confocal images of a 3-day regenerating cornea, showing one irregular sox2 expressing
cell located in the basal layer (red). Cell boundaries and ﬁbrillar layer are counterstained with phalloidin (green) and DAPI nuclear stain (blue). (G) Outer cornea
epithelium. (H) Basal cornea epithelium. The sox2 expressing cell appears to contain multiple nuclei or multi-lobed nucleus. (I) Fibrillar layer with no apparent sox2
labeling. (J–L) Confocal images of 1-day regenerating cornea epithelium with sox2 antibody labeling (red). (J) Outer cornea epithelium. (K) Basal cornea epithelium with
diffuse sox2 label throughout the cells. (L) Deeper ﬁbrillar layer with a multinucleated cell brightly labeled with sox2. This cell appears to either be dividing or squeezing
through two adjacent unlabeled cells. cc, central cornea; lz, limbal zone. Scale bar in L indicates 220 mm for A–C, 40 mm for D–F, 6 mm for G–I, and 8 mm for J–L.
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cleate or possess multi-lobed nuclei. Extensions of these cells
could be seen passing upward into the outer epithelium or deeper
into the stromal tissues or the ﬁbriller layer (Fig. 4J–L). Notably,
these cells were limited in control, unoperated corneas where
they are present around the periphery of the eye
(approximately 10 cells per eye in the limbal zone; Fig. 4A). In
contrast, the number of these cells increased dramatically within
4 h following lens removal (hundreds of cells; Fig. 4B).
Furthermore, these cells were present across the entire cornea,
including the region overlying the pupillary space, which includes
areas that were not incised during the surgery to remove the lens
(cut along the posterior edge). The number of these cells
decreases at later time points following lens removal (Fig. 4C–F). In addition to the dramatic increase in the number of sox2
positive multinucleate cells, there is a slightly increased
intensity of labeling within other cells of the cornea
epithelium (Fig. 4B, D). In contrast, p63 antibody labeling was
localized to all nuclei of the basal epithelium, including the region
overlying the pupil, but no label was detected in cells of the outer
epithelial layer (Fig. 5A–F). Likewise, this discrete staining
pattern was observed in corneas undergoing lens regeneration,
where labeled cells were restricted to the basal epithelium and
regions undergoing regeneration (data not shown). Finally, exam-
ination of c-myc antibody localization revealed staining of some
cells located around the outer periphery of the cornea (Fig. 5G–L).
This subset of c-myc-labeled cells was clustered primarily in the
basal region of the epithelium, and can be seen projecting
Fig. 5. Fluorescence light microscopic and confocal images showing antibody labeling of Xenopus whole cornea epithelium (st50–52). (A–F) p63 (DNp63 isoform) protein
labeling of the cornea epithelium. (A) p63 labeling is represented in red. (B) Corresponding image to A with DAPI labeled nuclei (blue). (C) Merged images from A and B.
(D–F) Confocal imaging of p63 antibody labeling. (D) Outer epithelium with no p63 labeling. Cell boundaries and ﬁbrils are counterstained with phalloidin (green).
(E) Localized p63 labeling (purple) in every nucleus of the basal epithelium. (F) Fibrillar layer with no p63 labeling. (G–L) c-myc protein labeling in the peripheral region of
the cornea (limbal zone). (G) c-myc localization to multi-lobed cells (red). (H) Corresponding image to G with DAPI stained nuclei. (I) Merged image of G and H. (J–L)
Confocal images of c-myc labeling in cells of the cornea epithelium (limbal zone). (J) Outer cornea epithelium with projections of c-myc labeled cells. (K). Basal cornea
epithelium displaying irregular shaped c-myc expressing cells. (L) Deeper ﬁbrillar layer displaying no c-myc labeled cells. Scale bar in L indicates 25 mm for A–C, 6 mm for
D–F, 50 mm for G–I, and 10 mm for J–L.
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observed to be more abundant in the ventral area located towards
the periphery of the eye, although some labeled cells were also
observed around the entire periphery. c-myc-labeled cells were
not observed within the ﬁbrillar epithelial layer or the
overlying cornea epithelium, nor were any changes observed in
corneas during the process of lens regeneration. The location of c-
myc postitive cells corresponds to an area that may be analogous
to the limbal region described in mammals. This peripheral region
of the eye also contains a deeper layer of stromal tissue that
contains nerves and blood vessels.Identiﬁcation of proliferating cells in larval corneas
Cell proliferation was previously examined during Xenopus
larval lens regeneration using tritiated thymidine to label nuclei
that had undergone DNA replication (Waggoner and Reyer, 1975).
In that study, proliferating cells were visualized in a limited
fashion using transverse sections of the eye. In the present study
we examined the pattern of proliferation using intact cornea
‘‘pelts’’ from both control and regenerating Xenopus larval cor-
neas. Scattered, individually labeled nuclei were observed in
control corneas at both 1- and 4 h post-injection. Closely
Fig. 6. EdU labeling of proliferating cells in isolated intact control Xenopus larval cornea epithelia (pelts) following a single pulse of EdU labeling. Animals were ﬁxed at
various time points following injection and EdU detected with ﬂuorescent azide 594. White arrowheads point to the location of the central attachment point of the cornea
epithelium to the cornea endothelium. (A–B) Cornea 1-day post-EdU injection (st50–52). (A) Fluorescent EdU labeled nuclei (red). Representative pairs of EdU labeled
nuclei are denoted with gray arrowheads, of which many can be seen in this specimen. (B) EdU labeled image from A merged with Hoechst 33342 labeled nuclei (blue). (C–
D) Cornea 5-days post-EdU injection (st52). (C) Fluorescent EdU labeled nuclei. Representative clusters of EdU labeled nuclei are noted with gray arrowheads. (D) Merged
images from C and corresponding Hoechst labeled nuclei (blue). (E–F) Cornea 14-days post-EdU injection (st54–55). (E) Fluorescent EdU labeled nuclei. Representative
clusters of EdU labeled nuclei are pointed out with gray arrowheads. (F) Merged images from E and corresponding Hoechst 33342 labeled nuclei. (G–H) Cornea 28-days
post-EdU injection (st56–57). (G) A few ﬂuorescent EdU labeled nuclei are present in this cornea (denoted by gray arrowheads). (H) Merged images from G and
corresponding Hoechst 33342 labeled nuclei. (I–L) Sections of eyes from animals injected with EdU 14 days prior to ﬁxation. (I) Section of 14-day control case showing the
central cornea overlying the optic cup where EdU label occurs mostly in nuclei of the basal epithelium. (J) Corresponding image to I showing additional location of all
nuclei labeled with Hoecht. (K–L) Section of 14-day EdU labeled case (same case shown in K–L) showing the periphery of the cornea. (K) EdU labeled cells from 14-day
control case are shown in red and merged with Hoechst labeled nuclei in L. Scale bar in L indicates 100 mm.
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day post-injection, indicating that these cells resulted from the
initial divisions of individual, labeled cells (Fig. 6A–B). Subsequent
divisions were examined at various time points and by 5 days,
small clusters of EdU labeled cells could be seen residing in the
basal epithelium with additional scattered labeled cells located
within the outer epithelium (Fig. 6C–D). The appearance of these
clusters suggests that they may represent clones derived from
individual cells labeled during the initial EdU pulse.
Scattered labeled cells of the outer cornea epithelial layer did
not appear as the larger clusters seen in the basal layer. Rather,
these outer cells remained as individual labeled cells or as a
closely associated pair. By day 7 the EdU labeled clusters had
expanded further and many cells of the basal layer were labeled
(data not shown). During this time more labeled cells also
appeared in the outer layer. At day 14, the EdU label in clusters
of basal cells started to appear less intense than those seen in 7-
day corneas. Scattered labeled cells persisted in the outer layerthrough days 14 and 21 (Fig. 6E–F). EdU labeled cells of the
outer epithelial layer had varied intensities, suggesting that some
cells had undergone more rounds of division than others. Some
were much brighter than others, and they were dispersed
throughout the cornea. Sections of 14-day intact specimens
revealed EdU labeled cells in regions overlying the pupillary space
(Fig. 6I–J) and around the eye periphery (Fig. 6K–L). The EdU
labeled nuclei were not nearly as intense in the 21-day corneas
and the number of labeled cells was greatly decreased, although
some cells could still be observed in both the basal and outer
layers. By 28 days, only a few isolated labeled cells were detected
(Fig. 6G–H). It should be noted that the overall size (diameter) of
the cornea had signiﬁcantly increased over this 28-day time
interval (Fig. 6E–H).
The pattern of cell proliferation was also examined in corneas
undergoing the process of lens regeneration (Fig. 7). Following
lens removal, the basal layer of the cornea epithelium responds to
signals from the retina and begins to thicken, as the cells of the
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thickened basal epithelium will form the regenerating lens
placode where multiple cells eventually become organized to
form a lens vesicle (Freeman, 1963; see also Henry, 2003).
Complete lens regeneration generally occurs at these larval stages
(50–52) within 2 weeks, with the initial lens placode emerging as
early as 3 days after lens removal and a lens vesicle may appear
by 5 days after lens removal (Freeman, 1963). As expected,
labeled cornea epithelial cells displayed distinct EdU signals that
resided speciﬁcally within the nucleus of some cells, and this EdU
signal could be visualized as soon as 1 h post-injection. The
pattern of labeling was similar to the descriptions for control
corneas above, but a few differences were observed. While day
1 corneas appeared very much like those control corneas dis-
cussed previously (Fig. 7A–E), day 3 and day 5 corneas were
characterized by the emergence of a thickened lens placode in the
cornea epithelium containing clusters of labeled cells (Fig. 7F–G).
Confocal analysis of these regions revealed EdU labeled cells
within the lens placode (Fig. 7H–J). We also examined sections
of intact specimens to determine whether EdU labeled cells were
also present in detached, regenerating lenses. These 14-day intact
lens sections showed labeled cells within the regenerated lens.
Numerous labeled cells were located on the external side where
the proliferating lens epithelium is located (Fig. 7K–L). EdU
labeled cells were also located within more internal and central
regions of the lens where the differentiating ﬁber cells reside,
which are in the process of losing their nuclei (Fig. 7K–L).
Finally, to demonstrate that these lenses are derived from
EdU-labeled cells of the cornea and not surrounding eye tissues,
larvae were injected with EdU and allowed to recover for 7 days
to ensure that any potentially unincorporated EdU was fully
removed. EdU labeled corneas were harvested and implanted
into the optic cup of lentectomized, unlabeled larvae. After an
additional 7-days, the specimens were sectioned to determine if
regenerating lens vesicles contained EdU labeled cells. Small
lenses containing EdU labeled cells were detected, which con-
ﬁrmed that regenerated lenses originated from previously labeled
cells derived from the implanted cornea epithelium (Fig. 7M–O;
see also previous studies by Freeman, 1963; Waggoner and Reyer,
1975).Discussion
Larval morphology of cornea epithelium and antibody localization
Surface cells of the cornea epithelium are constantly being
shed and replenished in response to senescence and damage (e.g.,
abrasion and dessication). Different models have been proposed
to describe the location and behavior of basal cornea epithelial
stem cells in mammals. Earlier models proposed that these stem
cells reside in the limbal region at the outer periphery of the
cornea at the junction with the conjunctiva (Davanger and
Evensen, 1971; Schermer et al., 1986). Limbal epithelial stem
cells are slow cycling and located in the inner, basal layer of
cornea epithelium in a crypt-like environment deep within the
palisades of Vogt (Dua et al., 2005). It has been hypothesized that
the underlying vascular and neuronal network associated with
this region (situated within the stromal tissues) provide nutrients
and soluble factors important for supporting the limbal stem cell
niche (Stepp and Zieske, 2005). According to the model, upon
stimulation, limbal epithelial stem cells reproduce in an asym-
metric fashion generating one daughter cell that replenishes the
stem cell pool and one transient amplifying cell responsible for
production of terminally differentiated cornea cells (Davies and
Di Girolamo, 2010). Replenished cells then migrate centripetallyfrom the epithelial periphery to replace desquamated cells of the
cornea epithelium. Several recent studies have contested the
postulated restricted localization of epithelial stem cells to the
limbal region using the mouse and pig systems and these studies
have led to a revised model in which stem cells exist throughout
the basal layer (Chang et al., 2008, 2011; Majo et al., 2008).
The concentration of stem cells throughout the basal layer is,
thus, akin to that of skin epithelia (palm, sole and trunk epithelia;
Lavker and Sun, 1982, 1983, 2000) in which stem cells reside in
clusters dispersed throughout the entire basal layer of the
epithelium. According to the new model, the apparent concentra-
tion of stem cells in the limbal region may be the result of a
persistent ﬂux of cornea and conjunctival cell displacement or
migration towards this area.
Antibody localization for three stem cell markers expressed in
Xenopus cornea epithelium (sox2, p63 and c-myc proteins)
revealed that speciﬁc subsets of cornea cells express these
proteins (Figs. 4 and 5). Larval corneas exhibit widespread low
levels of sox2 expression, and a small number of intensely labeled
cells normally reside in the limbal zone (Fig. 4A). On the other
hand, corneas undergoing regeneration exhibit a
dramatic increase in the number of these sox2 positive cells that
either appear spontaneously within or invade the more central
regions of the cornea by 4 h following removal of the lens
(Fig. 4B–L). The increase in both the number and distribution of
these sox2 expressing cells parallels the dramatic increase in sox2
expresion detected by qPCR (Fig. 3). The identity of these sox2-
labeled cells is uncertain. They reside mainly in the basal layer
but can be seen to extend processes into the outer epithelium or
the deeper ﬁbriller layer. They appear to either be multinucleate
or contain multi-lobed nuclei. Multinucleate cells are
characteristic of fused macrophages that form as a result of
chronic inﬂammation (Allison and Davies, 1974). Interestingly,
macrophages (though not multinucleate forms) also accumulate
at the site of Wolfﬁan lens regeneration in newts where they are
believed to play a role in removing melanosomes expelled
from the de-differentiated pigmented iris epithelial cells that
form the new lens (Yamada and Dumont, 1972; Reyer, 1990a,
b). There is another class of immune cells that contain
multi-lobed nuclei, represented by polymorphonuclear leuko-
cytes (i.e., eosinophils, basophils and neutrophlis, Alberts et al.,
2002). In Xenopus these sox2-labeled cells could represent some
type of immune cell, possibly activated by the surgery performed
to remove the lens (e.g., to remove infectious agents or
dead cells). It seems curious that these cells are scattered
throughout the cornea epithelium, even in regions that are
remote to the surgical incision. In addition, sox2 is not known
to be expressed in any of these immune cell types. One can
question whether these represent other cell types, possibly even
stem cells or their progeny, cornea cells undergoing
reprogramming or cells in the process of assuming a stem-cell
like state. In contrast, the epithelial stem cell marker, p63,
exhibited an expression pattern similar to that seen in basal
epithelial cells of other vertebrates (Fig. 5A–F; Di Iorio et al.,
2005). A third marker, c-myc, appeared to be expressed in cells
localized to the outer periphery of the cornea in the limbal zone
that reside mainly in the basal tissues (Fig. 5G–L). These
observations indicate that the cornea epithelium contains a
heterogenous population of cells. Perhaps the differential expres-
sion of various pluripotency genes is tied to different time points
during the cell cycle or to speciﬁc progeny of the stem cells, such
as stem cells vs. transient amplifying cells. Determining which
cells represent these stem cells requires that additional markers
are examined and that their expression can be followed using
ﬂuorescent reporters in live tissues to trace the behavior of
these cells.
Fig. 7. EdU labeling (red) of nuclei in proliferating cells during different time point of lens regeneration in Xenopus eyes. (A–E) Cornea 1-day post EdU injection and lens
removal (st50–52). (A) Fluorescence light micrograph of cornea pelt showing presence of EdU labeled nuclei (red). (B) Corresponding image to A showing additional
location of all nuclei labeled with Hoecht (blue). (C) Higher magniﬁcation confocal image of 1-day regenerating cornea showing outer cornea epithelial layer with no
appreciable EdU labeling. Nuclei are stained with Hoechst. (D) Deeper focal plane showing corresponding basal cornea epithelial layer with presence of EdU labeled nuclei.
(E) Deeper ﬁbrilar layer showing presence of some nuclei, one of which is EdU labeled. (F–J) Regenerating cornea 5-days post-EdU injection and lens removal (st52).
(F) Fluorescent EdU labeled nuclei in 5-day regenerating cornea. Gray arrow shows location of intense EdU labeling. (G) Corresponding image to F showing additional
location of all nuclei labeled with Hoecht (blue). The location of a regenerating lens placode is enlarged in the inset. This could represent the point of attachment of a larger
lens vesicle that detached from the cornea upon excision from the animal. (H–J) Higher magniﬁcation confocal image of an organized regenerating lens placode 5-days
after EdU addition and lens removal. (H) Image showing lens placode with EdU labeling in red. (I) Corresponding image of H showing nuclei labeled with Hoecsht.
(J) Merged ﬂuorescence images in H and I. (K–L) Section of eye showing EdU labeled cells present in a regenerated lens 14 days after EdU injection and lens removal. The
cornea is at the upper edge of these images. (K) Section of eye showing the lens containing red EdU labeled nuclei. (N) Merged image from K combined with corresponding
Hoechst labeled nuclei. (M–O) Cornea implantation experiment where larvae (st50–52) were labeled with EdU, chased for 7 days, following which the outer cornea was
excised and implanted into the vitreous chamber of an unlabeled control larvae (st50–52). (M) DIC image of eye 7-days after cornea implant. Small regenerating lens is
outlined in black. (N) Corresponding image to M showing EdU-labeled nuclei. Note EdU labeled nuclei within the regenerating lens, outlined in white. (O) Merged
ﬂuorescence images shown in M and N. imc, EdU labeled implanted donor cornea; ln, lens; nr, neural retina; oc, outer cornea; pce, peripheral cornea epithelium; vc,
vitreous chamber. Scale bar in T equals 100 mm in A–B, F–G; 60 mm in G (inset); 6 mm in C–E; 10 mm in H–J; 15 mm in K–L, and 40 mm in M–O.
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An earlier study examined patterns of DNA synthesis in the
Xenopus eye (Waggoner and Reyer, 1975). However, this study
focused primarily on the cells forming regenerated lenses and not
those located elsewhere in the cornea. In fact, the study only
refers to one observation of control non-regenerating corneas at
one time point (3 h) after the label was introduced. In those
samples, sections revealed scattered individual tritiated
thymidine-labeled cells, which were distributed throughout the
epithelium (similar to the observations reported here). In thepresent study, we extended these observations using EdU in
whole cornea pelts. We found that there is a great deal of cell
proliferation taking place throughout the larval cornea epithelium
(Fig. 6). The appearance of these labeled cells suggests that they
arise primarily in the basal layer and these give rise to expanding
clones of labeled cells, of which some end up residing in the outer
cornea epithelium. Over time (7–14 days) the intensity of the
label within the cells decreased, though a few more intensely
labeled cells could be observed which was indicative of cells that
had not undergone further mitotic divisions. By the end of the
time course (28 days post-injection), only a few labeled cells were
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differentiated cells in the outer epithelium along with basal
quiescent stem cells, or possibly that some stem cells may also
reside in the outer epithelium (Fig. 6). We propose a model
similar to that of the mouse and pig (Chang et al., 2008, 2011;
Majo et al., 2008) in which broadly distributed stem cells reside
primarily within the basal layer and their progeny migrate to
populate the outer differentiated epithelium. During this migra-
tion, proliferation appears to continue in the progeny of the
epithelial stem cells (e.g., as transient amplifying cells, etc.),
which ultimately contribute to the formation of differentiated
cornea epithelial cells residing in the outer layer.
Cell division during cornea-lens regeneration
The contribution of mitotically active cells to the lens during
cornea-lens regeneration was the focus of the above mentioned
study by Waggoner and Reyer (1975). They examined prolifera-
tion in the lens during several different time points of regenera-
tion using tritiated thymidine. Using two separate approaches, we
conﬁrmed the contribution of proliferating epithelial cells to
regenerated lenses following addition of EdU (Fig. 7F–L). In one
approach, previously labeled EdU corneas were implanted into
the vitreous chamber of unlabeled animals, which allowed us to
show that mitotically active EdU-labeled epithelial cells contrib-
uted to the formation of regenerated lenses (Fig. 7M–O). From
which subset of basal epithelial cells these lenses are derived
cannot be fully determined by these experiments and further vital
labeling techniques will need to be developed to properly track
these cells.
Regenerative phenomena and the deployment of somatic stem cells
The expression of key pluripotency factors is associated with
certain regenerating tissues, including Xenopus and newt limbs,
zebraﬁsh tails and Wolfﬁan lens regeneration in newts (Christen
et al., 2010; Maki et al., 2009). Maki et al. (2009) noted that sox2,
klf4 and c-myc are expressed during Wolfﬁan lens regeneration,
though nanog and oct4 were not expressed. In fact, the levels of
sox2 and klf4 rise signiﬁcantly during the very early stages of
Wolfﬁan lens regeneration, similar to our observed increase of
sox2 levels in Xenopus corneas immediately following lens
removal (Fig. 3). Levels of sox2 and klf4 were also upregulated
in amputated newt limbs with the appearance of the early limb
blastema: at a time when dedifferentiation is known to occur.
However, since these cells did not appear to upregulate the levels
of oct4 or nanog (also characteristic of pluripotent cells), Maki
et al. (2009) argue that cells within the limb blastemas and iris
pigmented epithelial cells involved in Wolfﬁan lens regeneration
do not return to a pluripotent state, but rather reach an inter-
mediate oligopotent state in which these factors help serve to
reprogram their fates.
Christen et al. (2010) also examined the expression levels of
various pluripotency factors in embryonic cells and during the
process of regeneration in Xenopus and zebraﬁsh. Multiple plur-
ipotency related factors were expressed in embryonic reference
cells such as Xenopus animal caps (sox2, oct25, oct60, c-myc, lin28,
zic3, tert-A, cripto3, gdf3, sall4, dppa2/4) and zebraﬁsh blastula
cells (hsp90a, sox2, zic3, klf4, c-myc, sall4, tert, pou5f1 (oct4
homolog)). Though these factors were present in regenerating
tissues, none of the pluripotency related genes were upregulated
in regenerating Xenopus limb/tail blastemas or in zebraﬁsh ﬁn
blastemas. Using morpholinos to knockdown gene expression,
Christen et al. (2010) showed that sox2 and pou5f1 are required
for normal zebraﬁsh ﬁn regeneration. Although they can only
speculate on the function of sox2 and pou5f1 in this system,evidence suggests that the ancestral function of the POU class ﬁve
proteins was to maintain multipotency during early vertebrate
development (Morrison and Brickman, 2006). While cells within
zebraﬁsh ﬁn blastemas do not appear to revert to a pluripotent
state, Christen et al. (2010) concluded that the presence of sox2
and oct4 do have a functional role during regeneration, and that
there may be some sort of common mechanism linking partially
reprogrammed iPS cells and the multipotent state of regenerating
blastema cells.
A study by Day and Beck (2011) examined the expression of
genes during lens regeneration in Xenopus and compared micro-
array gene expression in sham-operated (wounded) corneas to
corneas undergoing the process of lens regeneration. They con-
cluded there was no signiﬁcant upregulation of the pluripotency-
related genes represented on the microarray (including sox2,
oct25, oct60, oct91, klf4, c-myc, dppa2/4, gdf3, lin28, tert, zic3 and
fut6 (Ssea1 homolog)). Based on the lack of upregulation of these
known factors, they argue that the process of cornea-lens regen-
eration occurs without dedifferentiation in Xenopus. Yet, this
study did not consider the possibility that the cornea might
contain epithelial stem cells that may represent the source of
regenerated lenses. Further, it did not characterize baseline levels
of pluripotency-related factors in control, unoperated corneas,
which would be especially useful in examining any change in
expression from regularly developing corneas versus those under-
going lens regeneration because wounding alone should stimu-
late the activity of any epithelial stem cells. Second, the study
examined only one time point following lens removal, 72 h post-
lentectomy, where it was reported that a lens vesicle had already
formed (equivalent to Freeman stage 3). If the process of lens
regeneration involves dedifferentiation and/or the deployment of
stem cells, such events would be expected to occur at much
earlier stages of regeneration. In fact, Freeman (1963) showed
that cells of the cornea respond very rapidly (within 24 h) to
signals involved in triggering lens regeneration (e.g., signiﬁcant
changes in the numbers of nucleoli).
Lens regeneration in Xenopus has classically been described as
a process that involves transdifferentiation of cornea cells
(Freeman, 1963; Henry, 2003; Henry and Tsonis, 2010). However,
some investigators have questioned whether such a process
actually takes place in this tissue (Bosco, 1988; Henry, 2003;
Henry and Tsonis, 2010; McDevitt and Brahma, 1982; Yamada
et al., 1982). In fact, the larval cornea is not fully differentiated
until after the time of metamorphosis. As we show here, this
tissue is characterized by a population of cells that express
numerous pluripotency factors (Table 1; Supplementary Fig. 1).
Our study presents evidence that sox2 expression increases very
quickly following lens removal (4 h) and this increase is quite
dramatic (Fig. 3). These levels deminish quickly by 12 h and this
continues over the course of the 5 days in which this was
followed (Fig. 3). Levels of p63 and oct60 also begin to rise by
4 h, peaking at 1 and 3 days post lentectomy, respectively (Fig. 3).
These observations verify that changes occur almost immediately
once the lens is removed, which is much earlier than the 72-hour
time point examined by Day and Beck (2011). We should also
note that the expression results reported here for oct60 contrast
with those observed by Day and Beck (2011). The difference could
be explained by differences in staging criteria or different culture
methods affecting the rate of regeneration (i.e., culture tempera-
ture, rate of water changes or nutrition). Our ﬁndings also do not
rule out the possibility that pluripotency factors could be
deployed for cellular reprogramming during lens regeneration.
However, we agree with Day and Beck’s (2011) argument that
differentiated cells of the cornea do not return to a pluripotent
state. On the other hand, the evidence suggests that there already
exists a widespread population of cornea epithelial stem cells.
K.J. Perry et al. / Developmental Biology 374 (2013) 281–294 293Whether or not these stem cells could be the source of regener-
ated lenses requires further investigation.
Corneal innervation and the epithelial stem cell niche
The cornea epithelium represents one of the most highly
innervated tissues in the body. In mammals it is known that
sensory innervation to the cornea epithelium is provided by
branches of the trigeminal nerve, mainly branches of the ophthal-
mic division (including the long and short ciliary nerves, McKenna
and Lwigale, 2011; Mu¨ller et al., 2003; Marfurt et al., 1989, 2001).
Reports actually indicate that the source of innervation may differ
somewhat in various animals. For example, some innervation
may also be derived from the maxillary nerve in monkeys and
cats (Morgan et al., 1987; Marfurt and Echtenkamp, 1988;
Vonderahe, 1928; Ruskell, 1974), or from the supraorbital and
ethmoid nerves in cats (the latter representing branches of the
nasociliary nerves, Marfurt, 1981; Lucier and Egizii, 1986). Addi-
tional autonomic innervation is believed to come from the ciliary
ganglion (as parasympathetic innervation conveyed via the short
ciliary nerve) and the superior cervical ganglion (as sympathetic
nerves ultimately conveyed via the long and short ciliary nerves
(Marfurt et al., 1989; Mu¨ller et al., 2003).
We observed similarities and some differences in terms of the
sensory innervation of the frog cornea. In Xenopus sensory
innervation of the cornea is derived from two sources. The ﬁrst
includes branches of the nasociliary nerve (mainly serving the
anterior regions, note that the long ciliary nerves branch with the
nasociliary nerves in mammals). The second source comes from
discrete branches that seem to be derived from the mandibular
nerve. These parallel the course of the infraorbital nerve and
supply the posterior and ventral sides of the cornea. Whether or
not these posterior branches are actually derived from the
mandibular nerve is uncertain, as they branch off closely to the
main trunk of the trigeminal nerve (see Fig. 2B). They could
represent wayward branches of the infraorbital nerve (e.g., from
the maxillary nerve) or alternatively the ophthalmic nerve.
Trauma or infections that damage the sensory nerves inner-
vating the cornea lead to various pathologies, including thinning
of the corneal epithelium, keratitis, and opaciﬁcation, as well as
delays or defects in cornea wound healing in mammals (von
Graefe, 1954; Belmont et al., 2004; Beuerman and
Schimmelpfennig, 1980; Gilbard and Rossi, 1990; see Mu¨ller
et al., 2003 for review). These nerves therefore play a vital role
in regulating cornea physiology and cell replacement, and may
represent a key component of the basal cornea epithelial stem cell
niche. In fact, a recent study in mice by Ueno et al. (2012) shows
that corneal limbal stem cells are signiﬁcantly depleted following
lesions of the ophthalmic nerve.
Future applications
Currently, the phenomenon of lens regeneration from the
cornea epithelium is only known to occur in frog species of the
genus Xenopus and the salamander, Hynobius unannagso (Ikeda,
1936, 1937). One can speculate on the reasons why other
vertebrates may not be able to exhibit this phenomenon. For
instance, the key retinal inducing factors or the cornea epithelial
receptors and downstream targets may not be active in those eye
cells. Such deﬁciencies may lie directly in the developmental
potential/plasticity of cornea stem cells within those eyes. Or
may be regeneration competence is related to differences in the
stem cell niche, which could include other tissues, such as the
nerves supplying the cornea. Further studies to unravel molecular
pathways will elucidate these animal speciﬁc differences, whichshould lead to novel treatments for diseases and injuries affecting
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